MicroRNAs (miRNAs) are small noncoding RNAs that act as posttranscriptional regulators of gene expression, and are frequently altered in human neoplasias. Here, we have analyzed the miRNA expression profile of human gonadotroph adenomas versus normal pituitary tissue using a miRNACHIP microarray. We demonstrate that miRNA-410 is downregulated in gonadotroph adenomas when compared with normal pituitary gland. We validate CCNB1 as target of miRNA-410 since its overexpression reduces CCNB1 at protein and mRNA levels, decreasing cell proliferation. In conclusion, our study suggess that the downregulation of miRNA-410 plays a role in the behavior of gonadotroph tumors.
Introduction
Pituitary adenomas (PA) represent about 10% of all intracranial neoplasia with an estimated clinical prevalence in the general population of approximately 1/1000. 1, 2 Virtually all organs or tissues are affected directly or indirectly by the hormones secreted by the anterior pituitary. 3, 4 Pituitary adenomas result of a multistep process in which the multi-causal and inherited genetic predisposition, endocrine factors, and specific somatic mutations are factors that may contribute to their development. 5, 6 Gonadotroph adenomas constitute the vast majority of clinically nonfunctioning pituitary adenomas, which account for 15-22% of all pituitary adenomas overall 1,2 and up to 57% of those developing in male patients. 2 They are diagnosed primarily in middleaged patients because of tumor mass effects. Due to the lack of specific pharmacological therapy, surgery remains the first line treatment in affected patients. As other pituitary adenomas, the gonadotroph adenomas are monoclonal in origin meaning that genetic alterations in a single cell confer proliferative capacity.
MicroRNAs (miRNAs) are small noncoding RNAs acting as posttranscriptional regulators of gene expression. They repress target gene expression by binding of the 3 0 untranslated regions (UTRs) of target genes, through imperfect or perfect base pairing, resulting in translational repression or mRNA destabilization and degradation, respectively. 7 Many studies have indicated that miRNAs are associated with cancer being involved in cell proliferation, invasion and metastases. 8 Thus, miRNAs are likely to be useful as diagnostic and prognostic cancer biomarkers. 9 Altered miRNA expression in pituitary adenomas has been already reported, suggesting a critical role in pituitary tumorigenesis. Indeed, Cheng et al. reported that inhibition of the expression of miRNAs, miR-150, miR-152, miR-191 and miR-192 (upregulated in pituitary adenomas) suppresses cell growth, suggesting that overexpression of these miRNAs may result in increased proliferation of pituitary cells. 6 ,10 Moreover, we have previously shown alterations of miRNA expression in GH-secreting adenomas vs. normal pituitary gland. Most of the altered miRNAs had HMGA1 and/or HMGA2, and E2F1 as target genes 11, 12 which has been already proved to play a critical role in pituitary tumorigenesis. In fact, HMGA proteins are overexpressed in most of the human pituitary adenomas. 13, 14 Moreover transgenic mice overexpressing these genes developed mixed PRL/GH pituitary adenomas 15 and increased E2F1 activity or expression can lead to pituitary tumorigenesis. 16, 17 Furthermore, Leone et. al. have demonstrated that miRNA-23b and miRNA-130b are downregulated in pituitary adenomas, and these miRNAs target genes such as HMGA2 and CCNA2, whose overexpression plays a critical role in pituitary tumorigenesis, suggesting a possible therapy of pituitary adenomas based on the restoration of downregulated miRNAs. 18 In the present study we have analyzed the miRNA expression profile of 12 gonadotroph adenomas. We found 57 miRNAs downregulated and 44 upregulated with a fold change 2 in gonadotroph adenomas in comparison with the normal gland.
Then, we focused our attention on miR-410, one of the most downregulated miRNAs in our series, which was reported to behave as tumor suppressor gene in glioma targeting the MET gene. 19 We demonstrated that CCNB1 gene, an important cell cycle regulator involved in pituitary tumor behavior, is a target of miRNA-410. Moreover, the restoration of miRNA-410 expression in pituitary adenoma cells resulted in the inhibition of cell proliferation.
Results

miRNA expression profile of gonadotroph pituitary adenomas
We have analyzed the miRNA expression profile of 12 gonadotroph adenomas vs. 3 normal pituitary glands using a miRNA-CHIP microarray. 20 By applying biostatistical analyses we obtained a list of miRNAs differently expressed (p < 0.05) between gonadotroph adenomas and normal pituitary. As shown in Table 1 , 57 miRNAs were downregulated and 44 were upregulated in the neoplastic tissues when compared with normal pituitary with a fold change 2. To validate the results obtained by miRNACHIP we evaluated the expression of 2 downregulated miRNAs, miR-432 and miR-410, and other 2 upregulated, miR374b and miR-17, by qRT-PCR on 21 samples of gonadotroph adenomas, including those used for the microarray analysis (Fig. 1) .
Subsequently, we decided to focus our attention on miR-410, which is one of the most downregulated miRNAs. First of all, in order to investigate whether miR-410 downregulation was a general event in pituitary tumors, we examined its expression in 12 PRL and 12 GH-secreting adenoma samples by qRT-PCR. As shown in Figure 2 , miR-410 was found to be upregulated in almost all prolactinomas as well as in 6 out of the 12 GH-secreting adenomas. This finding suggests that a reduced miR-410 expression seems to be restricted to gonadotroph adenomas.
CCNB1 is target of miR-410
To understand the role of miRNA-410 in the pituitary tumorigenesis, we search for the potential targets of this miRNA using bioinformatic tools (MiRwalk, miRanda and TargetScan). Interestingly, among the candidate targets of miR-410 we found several genes coding for proteins involved in the cell cycle regulation such as cyclin A, cyclin B1, cyclin D and CDKs. We decided to focus our attention on CCNB1 gene coding for the cyclin B1 protein since it is a regulatory protein essential for the cell cycle regulatory machinery and is directly implicated in the G2/M transition, 21 and it is well known that the cell cycle dysregulation plays a critical role in the development of pituitary adenomas. 22 In Figure 3A we report the miRNA-targeting sites of miRNA-410 on CCNB1 3 0 UTR (www.targetscan.org). To validate the influence of the miRNA-410 on CCNB1 expression, we analyzed, by western blot, the CCNB1 protein levels in HEK-293 cells, 48 and 72 hours after transfection with miRNA-410 or scrambled oligonucleotide. As shown in Figure 3B , CCNB1 protein levels were significantly decreased when compared to the scrambled-transfected cells. Interestingly, this reduction in CCNB1 protein levels was associated to a decrease in the CCNB1 specific mRNA levels, both at 48 and 72 hours, suggesting that miRNA-410 regulates CCNB1 protein expression, at least in part, through CCNB1 mRNA degradation (Fig. 3C) .
In order to verify that a direct interaction between this miRNA and the CCNB1 mRNA is responsible for the decrease in CCNB1 protein levels, we inserted the 3 0 UTR of CCNB1, downstream the luciferase ORF, in sense and antisense orientation (CCNB1-3 0 UTR and CCNB1-3 0 UTR REV). The luciferase activity of the CCNB1-3 0 UTR was significantly reduced after transfection with miRNA-410, compared with the scrambled oligonucleotide, while the luciferase activity of CCNB1-3 0 UTR REV construct did not decrease. This result demonstrates that the inhibition of CCNB1 protein expression by miR-410 is dependent on its direct binding to the CCNB1 gene 3 0 UTR (Fig. 3D ).
miRNA-410 inhibits cell proliferation
To examine the role of miRNA-410 downregulation in pituitary cell behavior we analyzed its effect on cell proliferation, performing a cell growth curve in HEK-293 cells transiently transfected with miRNA-410 or scrambled oligonucleotide. Because miRNA-410 targeting sites on CCNB1 are not conserved in rat or mouse, and, since human pituitary cell lines are not available, the effects of miRNA were not analyzed in a pituitary adenoma system. As shown in Figure 4A a significant decrease of cell number was observed 72 and 96 hours after transfection with miRNA-410 when compared with control cells. The same result was obtained when HEK-293 cells were stably transfected with a pMIRNA expression vector carrying miR-410 precursor, compared with the empty vector ones (Fig. 4B) .
Next, we performed a colony forming assay on HEK-293 cells after transfection with p-miR-410 expression vector. As shown in Figure 4C , cells transfected with p-miR-410 generated a significant lower number of colonies in comparison with the backbone vector-transfected cells, thus confirming the negative role of miR-410 in cell growth regulation.
CCNB1 mRNA overexpression is associated with miR-410 downregulation in human gonadotroph adenomas
To better evaluate the role of miR-410 on its target gene also in vivo, we analyzed the CCNB1 mRNA expression in gonadotroph adenoma samples by qRT-PCR. As shown in Figure 5 , we found that CCNB1 mRNA is overexpressed in all samples, compared with normal pituitary, suggesting an opposite behavior between the expression of miR-410 and its target gene. In this www.tandfonline.com Figure the Spearman's correlation value between CCNB1 and miR-410 expression is also reported.
Discussion
In this study we first analyzed the miRNA expression profile of 12 gonadotroph adenomas vs. 3 normal pituitary glands. We found that 44 miRNAs were upregulated and 57 downregulated in the gonadotroph samples, with a fold-change higher than 2. Then, representative miRNAs have been validated by qRT-PCR in a higher number (21 samples) of gonadotroph adenomas. Among the upregulated miRNAs we found the miRNA-17 that has been previously demonstrated to target the p21 protein. Then, its upregulation would decrease the p21 WAF1/ CIP1 (also known as cyclin-dependent kinase inhibitor 1) protein level, thereby enhancing the G1-S transition. Indeed, p21 protein binds to and inhibits the activity of cyclin-CDK2, -CDK1 and CDK4/6 complexes and, then, functions as a modulator-regulator of cell cycle progression at G1 and S phase. On the other hand previous studies have evidenced a role of the decrease in p21 (CIP1) levels in pituitary tumorigenesis, since it has been reported that p21 is able to restrain pituitary tumor growth also activating senescence program. 23 Among the downregulated miRNAs we focused our attention on the miR-410 that was one of the most downregulated miRNAs. Interestingly, it results upregulated in almost all prolactinomas and in half of the all GH-secreting adenomas analyzed, suggesting that the downregulation of miR-410 is specific of gonadotroph adenomas. In agreement with our data, miR-410 was previously found downregulated in NFPAs (nonfunctioning pituitary adenomas) adenomas, within the DLK1-MEG3 locus, which contains one of the largest miRNA clusters in humans, and its expression has been correlated with MEG3 (maternally expressed gene 3), a maternally expressed noncoding RNA frequently lost in clinically NFPAs of gonadotroph origin. 24 Moreover, other previous studies have evidenced a tumor suppressor activity for this miRNA. Indeed, miR-410 has been found downregulated gliomas 19 and gastric carcinomas 25 where lower miRNA-410 expression levels significantly correlated with the presence of lymph-node metastasis. Consistently, maintenance of miR-410 expression is associated with a better overall survival in advanced serous ovarian cancer. 26 The miR-410 oncosupressor activity appears due to its ability to negatively regulate MET and MDM2 protein levels. More recently, miR-410 tumor suppressor activity has been confirmed in pancreatic cancer where miR-410 expression decreases cell growth, migration, invasion and angiogenesis via the downregulation of AGTR1. 27 Then, the next step of our work has been to identify candidate target genes that could account for the role of miR-410 downregulation in pituitary tumors. Among the potential targets we focused on the CCNB1 gene. Indeed, we previously demonstrated that another member of cyclin B family, CCNB2, was increased in pituitary adenomas with respect to normal pituitary 14 and that its expression was mainly regulated by the HMGA1 and HMGA2 proteins whose overexpression represents an important event in pituitary adenomas as also demonstrated by the development of GH/ PRL adenomas in transgenic mice overexpressing these genes. 15 Moreover, cyclin B1 regulates the G2/M transition in the cell cycle, and its appropriate regulation is essential for mitosis initiation. 28 Therefore, a deregulated expression of CCNB1 could play a critical role in pituitary tumor development, since the regulation of the cell cycle is a complex network that includes many regulatory molecules, and the deregulation of the cell cycle and its effectors is the key mechanism in pituitary tumors. In fact, it has been demonstrated that several cell cycle regulators such as Rb 1, E2F1, p16, p21, p27 and different cyclins can play a crucial role in pituitary tumors. 29, 30 Moreover, recent findings have reported an aberrant expression of cyclin B1 in several malignant cancers, including breast, 21 squamous cell esophageal, 31 non small cell lung, 32 gastric 33 and hepatocellular carcinomas. 34 We have validated CCNB1 as target of miR-410 since its overexpression reduces CCNB1 mRNA and protein levels, suggesting that miRNA-410 acts also enhancing CCNB1 mRNA degradation. Then, functional studies seem to confirm a critical role of miR-410 downregulation in tumor progression since its overexpression leads to a reduced cell growth.
The analysis of 17 gonadotroph adenomas revealed an opposite behavior between miR-410 and CCNB1 expression even though the correlation was slightly statistically significant. However, this is not surprising, since the expression level of a protein gene is mainly depending on the transcription factors, gene amplification and only partially by miRNA and other non coding RNAs, then a complete statistical significance is not expected.
It is worth to note that among the potential targets, assessed by bioinformatic analysis, but not validated yet, there are cyclin A, cyclin D and CDKs that have a critical role in cell cycle regulation. Therefore, miR-410 downregulation might contribute to the generation or progression of pituitary adenomas leading to incresead cyclin A and D protein levels affecting then the G1-S phase of the cell cycle.
Interestingly, in contrast with the reduced expression of miR-410 in gonadotroph tumors and several human carcinomas, the upregulation miRNA-410 has been found in almost PRL adenomas tested and in some GH-secreting adenomas, and it was already reported in esophageal carcinomas. 35 This result is reasonable since it has been frequently demonstrated that miRNA may have oncogenic or tumor suppressor activity depending on the cell context. 36 In our previous works we have identified other miRNAs that are downregulated in gonadotroph adenomas starting from the analysis of GH-secreting adenomas. Some of these have been confirmed by the analysis of the profile of gonadotroph adenomas. Studies performed by other groups revealed different dysregulated miRNAs. This is not surprising since the differences in sample preparation, platform for miRNA screening and normal pituitaries used as controls might account for these discrepancies.
In conclusion, our study indicates that the deregulated expression of miRNAs has a role in the development of pituitary tumors and proposes that the downregulation of miR-410 may be involved in the pathogenesis of the gonadotroph adenomas, suggesting the perspective of using the restoration of miR-410 expression as tool for the therapy of such tumors.
Methods
Tissue collection and RNA isolation We obtained the gonadotroph and the GH-secreting adenomas with acromegaly from patients operated by E Jouanneau, Service de Neurochirurgie U300, Groupement Hospitalier Est, Hospices Civils de Lyon. Some fragments of each tumor were frozen in liquid nitrogen and stored at ¡80 C until RNA extraction. Total RNA extraction was performed with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions RNA of 12 PRL tumors was extracted from formalin-fixed paraffin-embedded (FFPE) tissue of patients operated at Department of Neurosurgery, Ospedale Cannizzaro, Catania, Italy. The miRNeasy FFPE Kit (Qiagen) was used to purify miRNAs extracted from FFPE tissues, according to the manufacturer's instructions.
RNAs from human normal pituitary glands obtained from autopsies of 2 females and one male, aged between 40-50 years, deprived of endocrine diseases, were used as control. We declare that informed consent for the scientific use of biological material was obtained from all patients.
miRNACHIP microarray
The microarray analysis, RNA labeling, and hybridization on miRNA microarray chip, were performed as previously described. 20 The miRNAs differentially expressed in pituitary adenoma tissue samples were analyzed using Student's t test procedure. The results of the data present in the microarray were analyzed also by significance analysis of microarray test. Each sample was analyzed in triplicate for miRNA expression profile.
Bioinformatic prediction of miRNA target genes
For the identification of genes potentially targeted by the analyzed miRNAs we used different on-line available tools such as TargetScan (www.targetscan. org), MiRwalk (www.umm.uni-heidelberg.de/apps/zmf/mirwalk) and miRanda (www.microrna.org) at their latest release.
Reverse transcription and quantitative real-time (qRT)-PCR For qRT-PCR assay the total RNA was extracted from cells or tissues using TRIzol. Reverse transcription was performed with miScript system kit (QIAGEN, Valencia, CA), according to manufacturer's instructions. To calculate the relative expression levels we used the 2 ¡DDCT method. 37 Primers for small nucleolar RNA (U44) were used for normalization. The primers used to amplify the above mentioned gene are: CCNB1 F: ACATGGTGCACTTTCCTCCT CCNB1 R: AGGTAATGTTGTAGAGTTGGTGTCC
Cell lines and transfection
Human Embryonic Kidney HEK-293 cells were cultured in DMEM containing 10% fetal bovine serum, 1% glutamine and 1% penicillin/streptomycin (Life Technologies, Monza, Italy), and were incubated at 37 C in a 5% CO 2 atmosphere. Cell www.tandfonline.com 2595 Cell Cycle transfections of miRNA oligonucleotides were performed with 50 nmol/ml pre-miRNA precursors or control no-targeting scrambled oligonucleotides (Ambion), using siPORT neoFX Transfection Agent (Ambion).
Plasmids and constructs
The region 87-587 bp of the CCNB1-3 0 -UTR (full length 612 bp), including binding sites for miR-410, was cloned both in sense and in antisense orientation into the pmirGLO DualLuciferase Expression Vector (Promega) at the XbaI site immediately downstream from the stop codon of the luciferase gene.
Luciferase target assay
Cells were co-transfected with the modified firefly luciferase vectors and the miRNA oligonucleotides. Firefly and renilla luciferase activities were measured 48 hours after transfection with the dual-luciferase reporter system (Promega, Madison, WI). Firefly activity was normalized to renilla activity as control of transfection efficiency.
Protein extraction, protein gel blotting and antibodies For protein extraction, cells were lysed in lysis buffer containing 1% NP-40, 1 mM EDTA, 50 mM Tris-HCl (pH 7.5) and 150 mM NaCl, supplemented with complete protease inhibitors mixture (Roche, Monza, Italy). Protein concentration was determined by the Bradford assay (Bio-Rad) using bovine serum albumin as standard.
Total proteins were separated on a 12% SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare, Milano, Italy). Membranes were blocked with 5% non-fat dry milk. After blotting, membranes were incubated with primary antibodies against CCNB1 (sc-245, Santa Cruz) and b-actin (sc-1615, Santa Cruz). The reaction was detected with a Western blotting detection system (Thermo Scientific, Rockville, IL).
Growth curve assay Cells were transfected with 50 nmol/ml pre-miR miRNA precursor or scrambled oligonucleotide using siPORT neoFX, and with p-miR-410 expression vector or with the backbone vector, and plated in 24-well plates. Cell growth was assessed using an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay, at 0, 24, 48, 72 and 96 h after plating.
Colony-forming assay HEK-293 cells were transfected with p-miR-410 expression vector or with the backbone vector (OriGene, Rockville, MD). The transfected cells were selected by using 1 mg/ml neomycin diluted in the medium used for culture. After 10 days, the cells were fixed and stained with 0.1% crystal violet in 20% methanol and colonies were evaluated.
Statistical analysis
Student's t-test and ANOVA test were used to determine the significance for the quantitative experiments. All error bars represent the standard deviation (SD) of the average. Statistical significance for all the tests, assessed by calculating the p-value, was <0.05.
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